INTRODUCTION
In addition, the low yield strength of pure titanium sometimes prevents its application to high load-bearing appliances9).
In an effort to solve these problems, beta titanium alloys have been investigated for the Ti-Ag alloys, depending on the Cu concentration ( Fig. 1 ). In the alloys with more than 5% Cu, X-ray diffraction peaks were found corresponding to (103), (110), and (107, 116) of Ti2Cu. No such peaks were found with the alloy containing 5% Cu, although the solubility of Cu is less than 1% at room temperature14). In the alloys containing 10% or more Cu, Ti2Cu was found not only in the lamellae eutectoid structure but also as single grains in the grain boundaries.
Microstructures of the Ti-Cr and Ti-Mn alloys are shown in Fig. 2 . Except for the 5% Mn alloy, these alloys retained beta phases without any precipitation of intermetallic compounds even when the amounts of alloying elements increased.
In the Ti-Cr alloys (10-30% Cr), the acicular structure observed in pure titanium disappeared and changed to a single-phase, equi-axed polycrystalline structure. In the X-ray diffraction pattern, peaks from all Ti-Cr alloys tested were found to match angles from (110), (200) and (211) of beta titanium.
No peaks corresponding to alpha titanium were found. In the 5% Mn alloy, fine structures were distributed in the beta matrix.
The X-ray diffraction findings suggested that alpha and beta phases coexisted in this alloy. Ti-Mn alloys containing more than 5% Mn were found to have single beta phase polycrystalline structures; their X-ray diffraction patterns matched the beta phase described above. It was reported that an omega phase, which is an intermediate phase between the alpha and beta phases, sometimes exists in binary titanium alloys containing Cr, Fe, Mn or Mo when they are heated at the temperature of the metastable beta phase region18,19). Our X-ray diffractometry of the present Ti-Cr alloys did not show the existence of the omega phase.
Microstructures of Ti-Co, Ti-Fe and Ti-Pd alloys are shown in Fig. 3 . In the TiCo and Ti-Fe alloys, phases existing in the alloys changed with increasing alloy concentrations, starting with the alpha and beta structure at 5%, continuing to the single-phase beta alloy, followed by beta plus their corresponding intermetallic compound. Fine structures coexisted in the beta matrix in Ti-5% Co and Ti-5% Fe as in the Ti-5% Mn. In the hypereutectoid region of the Ti-10% Co alloy, the fine structures had totally disappeared.
The X-ray diffraction pattern of this alloy suggested AND CORROSION BEHAVIOR Fig. 3 Microstructure of Ti-Co, Ti-Fe and Ti-Pd alloys.
that it consists of a single beta phase. Ti-15% Co had an intermetallic compound of Ti2Co in the grain boundaries in the beta phase matrix.
In the hypereutectic region of Ti-30% Co, Ti2Co was found as primary crystals, which were embedded in the beta Ti/Ti2Co eutectic structure.
Ti2Co was identified from peaks matching (422), (333, 511), (440) and (822, 660) of Ti2Co in the X-ray diffraction patterns.
No fine structure was seen in Ti-10% Fe alloy in the hypoeutectoid region. The Ti-Fe alloys (10-20% Fe) had a single beta phase. The TiFe dendrites were embedded in the beta Ti/TiFe eutectic and were mainly seen in the hypereutectic region of Ti-30% Fe. TiFe was identified from peaks corresponding to its diffraction from (110), (200) groups (after 24 and 48hr) of rest potentials were performed using ANOVA/SNK and showed there was no significant (P>0.05) difference in each distribution. Although the values for the alloys were low in the early stages of immersion, they drastically rose to potentials above 0.175V in about 10hr. They showed almost the same rest potential profiles with time as pure titanium.
After that, they increased very slightly or not at all, indicating that these alloys became passive similar to pure titanium.
The rest potential changes in the series of Ti-Ag alloys tested and pure titanium are shown in Fig. 4 (b) . The potential changes for the Ti-Ag alloys with 10-20% Ag showed almost the same profiles with time as those of the alloys shown in Fig. 4 (a) . There was no significant (p>0.05) difference between each rest potential of the Ti-Ag alloys after 24 or 48hr and that of pure titanium.
They became passive as did those alloys shown in Fig. 4 (a) after approximately 10hr. However, both the 30% and 45% Ag alloys showed clearly different rest potential profiles with time, and the potentials were always unstable and much less noble than for pure titanium and the other alloys. The rest potentials of these alloys after 24 and 48hr were significantly lower (p<0.05) than those of pure titanium and the other alloys. Changes in the microstructure were observed by SEM for Ti-30% Ag alloy immersed in the solution for 20hr and 70hr.
The surface structures are shown in Fig. 5 . As mentioned above, SEM observation showed that the intermetallic compound, Ti2Ag, precipitated in the alpha matrix in this alloy before immersion. Although no change in the surface structure could be found after 20hr immersion, pitting corrosion was observed in the vicinity of the Ti2Ag precipitate after 70hr. Since the standard free energy change of formation of the oxidation reaction in pure titanium is much smaller than that of the oxidation reaction in each alloying element tested in this study (Ag, Co, Cr, Cu, Fe, Mn or Pd)30), it was assumed that only titanium in each alloy was oxidized.
If the activity of titanium in an alloy is aTi alloy, each equilibrium constant, KTiO or KTiO2 of the equation (1) or (2), is shown in equations (3) and (4), respectively, as:
Each equilibrium constant shown in equations (3) and (4) H2O is also carried out using the standard free energy change of formation of the reaction in equations (8), (9) and (10). Passivation films might break down after immersion in a corrosive environment for a longer time, or intermetallic compounds might also dissolve preferentially in the tranpassive region at a higher potential. Although intermetallic compounds such as Ti2Co, Ti2Cu, TiFe and Ti2Pd did not contribute to the decrease in corrosion resistance in 0.9% NaCl solution, it was found that Ti2Ag or TiAg decreased the corrosion resistance of a titanium alloy in the same solution. Thus, the corrosion behavior of the intermetallic compounds, rather than that of the matrices, is important; nevertheless, the stability or the durability of the passivation films formed on the matrices is also important.
CONCLUSION
Some beta-stabilizing elements (up to 30% Co, Cr, Cu, Fe, Mn, and Pd, and up to 45% Ag) were alloyed with titanium to make binary alloys. The beta phase was retained in some of the cast alloys with Co, Cr, Fe, Mn, and Pd. No beta phase was found in any of the Ti-Ag and the Ti-Cu alloys studied. The corrosion behavior of all the alloys tested was similar to that of pure titanum, except for the Ti-Ag alloys with Ti2Ag or TiAg. It appears that the corrosion resistance of these alloys is sufficient for them to be used as dental alloys.
